ABSTRACT Dedicated short-range communication (DSRC), which is an essential part of vehicle-tovehicle/infrastructure communication to enhance the road safety, is often characterized by the IEEE 802.11p standard. Numerous works have been done on the DSRC safety message broadcasting performance for highway scenario. However, up to date, no work has been done on the performance of the IEEE 802.11p safety message broadcasting for the road-intersection scenario in urban environment. An intersection scenario is different from a highway scenario. In a highway scenario, it is often been considered that all the vehicles have the same communication range as well as the same carrier sensing range. However, this is not the case for the intersection scenario, where there exist a lot of obstructions, such as buildings and urban canyons. In an intersection, the communication and carrier sensing ranges of a vehicle heavily depend on the location of that vehicle. This paper first analyzes and then provides solution on improving the broadcasting performance of the DSRC safety message at an intersection while considering the IEEE 802.11p enhanced distributed channel access mechanism. To facilitate different communication and carrier sensing ranges of different vehicles, we divide the intersection region into few parts/areas based on an empirically validated path loss model. We present an analytical study on the packet reception rates and channel access delay which is applicable for the different positions of transmitters and receivers in the intersection areas. The analytical results are verified by the NS-3 simulation. From the results, we find that the overall delivery ratio is very poor when the broadcasting vehicle is not close enough to the intersection-center. To improve the overall broadcast performance of such scenarios, we employ a road side unit (RSU) at the intersection-center to relay the safety messages once. We show the performance improvement via relaying while first using omni-directional and then using special sector antennas, the so-called bidirectional antenna, at the RSU. From the results, it is shown that relaying with the omni-directional antenna gives moderate improvement on the overall delivery ratio, while a significant improvement can be achieved by relaying with sector antenna.
I. INTRODUCTION
Vehicle-to-vehicle (V2V) communication plays an important role in intelligent transport systems (ITS). A vehicle equipped with a DSRC unit based on IEEE 802.11p standard [1] , can communicate with other vehicles to exchange warning messages for avoiding accident and improving traffic situation. The safety messages, such as Cooperative Awareness Message (CAM) [2] or Basic Safety Message (BSM) [3] , contain a vehicle's instantaneous maneuvering information (such as location, speed, heading etc.) based on the on-board Global Navigation Satellite System (e.g., GPS device) as well as other information such as vehicle type, breaks condition etc. When a vehicle receives the safety messages from other neighboring vehicles, a suitable audio/visual warning may be displayed to help the driver to enhance driving safety and comfort. The capability of receiving the safety message is important in a dense vehicular communication network with many vehicles attempting to broadcast the safety messages in an uncoordinated way.
A lot of works, such as [4] - [17] , have been previously done on the performance analysis of IEEE 802.11 MAC protocol. Among them, [4] - [9] analyzed the IEEE 802.11 MAC protocol for general adhoc networks, while [10] - [17] specifically addressed the performance analysis of IEEE 802.11p EDCA (Enhanced Distributed Channel Access) for vehicular communication. In all of these works, it is assumed that all the nodes in the region of interest have the same communication range as well as the same carrier sensing range. This assumption is reasonable for the highway scenario, where there exist line-of-sight (LOS) communication links among all the vehicles. However, an urban traffic intersection scenario is different from a highway scenario, since there exist a lot of obstructions, such as buildings, urban canyons etc. in the former but not in the latter. In an intersection scenario, it is expected that a vehicle close to the intersection-center will have longer ranges along the perpendicular street than vehicles that are further away from the intersection-center. Thus, the assumption of having same communication and carrier sensing ranges for all vehicles is not valid for intersection environment. Such assumption in intersection scenario will result in incorrect performance analysis of IEEE 802.11p standard. Thus, a proper analysis of the IEEE 802.11p standard for intersection scenario, which incorporates the heterogeneous nature of communication and carrier sensing ranges depending on the vehicles' positions, is necessary. Few works, such as [18] - [21] , investigated performance analysis of safety message broadcasting for intersection scenario. However, they also assumed the same communication and carrier sensing ranges for all vehicles, which is not correct. Moreover, none of this works [18] - [21] considered the IEEE 802.11p EDCA mechanism in the broadcasting performance analysis.
In this paper, we study the broadcasting performance of DSRC safety message at a road intersection. To the best of our knowledge, this is the first work that deals with the broadcasting performance at the intersection while considering the IEEE 802.11p EDCA mechanism with heterogeneous communication and carrier sensing ranges. Based on practical path loss model, we divide the intersection region into several parts to incorporate the impact of different communication and carrier sensing ranges. The packet reception rates at different areas are shown when the transmitting vehicle resides in a particular area. An analytical model on the overall packet delivery ratio and average access delay is presented while considering different transmitters' positions. The numerical results reveal that the message delivery ratio is not high for the transmitting vehicles, which are not close to the intersection-center. To improve the message delivery ratio, we propose to relay (rebroadcast) the message through a dedicated RSU, placed at the center of the intersection. The relaying is firstly shown with omni-directional at RSU and then with bidirectional sector antennas at RSU. The results show that relaying with omni-directional antenna provides moderate gain in packet delivery ratio, while relaying with sector antenna improves that gain significantly. The realistic simulation performed in NS-3 supports the analytical results.
The remainder of this paper is organized as follows. In Section II, we demonstrate the overview of an intersection and a brief overview of IEEE 802.11p standard. In Section III, we approximate the communication and carrier sensing ranges of different areas by partitioning the intersection based on a path loss model. In Section IV, we analyze the delivery ratio and average access delay for different parts of the intersection. Simulation results and discussions on the safety message reception rate and average access delay are presented in Section V. Considering two different antenna configurations at RSU, the performance improvement through RSU relaying is investigated in Section VI.
II. PRELIMINARIES
In this section, we present the road-intersection model, a brief overview of IEEE 802.11p EDCA mechanism and causes of packet loss. Major notations, used in this paper, are summarized in Table 1 . 
A. INTERSECTION MODEL
A typical intersection scenario, consists of four branches (A, B, C, and D) is depicted in Fig. 1 . In the figure, the characteristics of the communication links are shown for the case where a vehicle V1 communicates with other vehicles. For two vehicles on the same street, one can say that the communication link between them is typically line-ofsight (LOS) because the transmitted signal can reach from one to another through a direct transmission path. However if they are on the different streets, the radio link may be non-line-of-sight (NLOS) and thus tends to be unreliable. For instance, in Fig. 1 , the communication link between V1 and V2 (or V4) is LOS, whereas the link between V1 and V3 (or V5) is NLOS. For a generalized setting, similar to Fig. 1 , we will analyze the communication and carrier sensing ranges of different parts of intersection in Section III. Note that a road side unit (RSU) is also depicted in Fig. 1 , and the relaying performance through RSU will be analyzed in Section VI.
B. OVERVIEW OF IEEE 802.11p EDCA MECHANISM
The IEEE 802.11p EDCA mechanism allows four access categories (namely AC[0], AC [1] , AC [2] , and AC [3] ) in a vehicle with different priorities. The priority level and parameters used for each AC are summarized in Table 2 . In the [j] . Then if the channel is sensed idle for t s time period, the counter is decreased by one. During back-off procedure, the counter will be frozen if the channel is sensed busy. The counter will be resumed once the channel is sensed idle continuously for a T A [j] time period. Finally, the packet will be sent as soon as the counter reaches at zero.
In the case of internal collision, the AC with the highest priority transmits and lower priority ACs enter back-off stage with contention window size of W [j], where W [j] is the contention window size at the th back-off stage. This strategy is known as internal collision avoidance procedure. W [j] is defined by following:
where
is the retry limit for AC [j] in the case of internal collision. Note that no acknowledgement (ACK) frame is considered in this paper due to the broadcasting scenario.
C. CAUSES OF PACKET LOSS
Packet loss in vehicular communication mainly occurs due to the following two reasons: (i) Buildings/obstacles: The transmitted signal strength falls drastically when it gets obstructed by buildings or obstacles. Thus, buildings/obstacles induce packet drop due to the poor received signal strength at receiver. (ii) Packet collision/interference: Buildings/obstacles also induce the hidden node problem in CSMA-CA scenario, where due to the loss of transmitted signal strength, some vehicles become unaware about the ongoing transmission and consider the channel as idle. This may cause multiple transmissions to occur at the same time, which result in packet collision at the receiver. Besides hidden node collision, packet collision may occur even when the transmitters are located in the carrier sensing region of each other. In this case, when multiple vehicles have packets to transmit and they start to sense the channel at the same time and choose the same back off instant, this will cause multiple transmissions to occur at exactly the same time and hence cause collision in the receiving vehicle. Considering the above factors, we now illustrate the packet reception probability by the following example. In Fig. 2 , we consider two vehicles (x and y) and two groups of vehicles (colored as blue and red). For simplicity, we assume that all the blue vehicles and vehicle y have the same communication range (depicted by a blue eclipse). We also assume that all the red vehicles have the same communication range and their range is depicted by a red eclipse. We consider that vehicle x lies in the range of both groups and vehicle y. Assuming no path-loss between y and x, a successful transmission from y to x is only possible when no blue vehicle starts transmission exactly when y starts to transmit and no red vehicle starts transmission at the same as y. Thus, for y all the blue vehicles act as interferer nodes, while all the red vehicles act as hidden nodes. The packet reception probability (PRP) of x when y transmits is given by,
Tr ts (3) where RP loss is the reception probability when there is no packet collision; N b and N r are the number of blue and red vehicles, respectively; p t b , p t r are the overall transmission probability of blue and red vehicles, respectively; T r is the packet transmission time. RP loss depends on the channel condition between transmitter and receiver. For ideal communication scenario, RP loss = 1.
III. COMMUNICATION AND CARRIER SENSING RANGES AT INTERSECTION
In most of the previous works on ad-hoc networks (including [4] - [16] , [22] ), it is assumed that all nodes have the same communication range as well as carrier sensing range. However, this assumption is not valid in the case of road intersections. Instead, the communication and carrier sensing ranges vary depending on the position of the vehicle at the intersection. For instance, a vehicle close to the intersectioncenter will have longer ranges along the perpendicular street than vehicles that are further away from the intersectioncenter. Thus, depending on the vehicle's position, its corresponding hidden nodes varies. This practical and important aspect was not considered in the previous works [18] - [21] . Based on path loss and fading model for NLOS and LOS scenarios, in this section, we divide the intersection into segments to facilitate the different communication and carrier sensing ranges subject to the position of the transmitting vehicle. Based on the derived areas around the intersection, we will present the analysis of IEEE 802.11p standard in later sections.
The measurement-based model of path loss and fading for NLOS scenario at intersection has been well reported in [23] . In this model, the path loss depends on the street width, the distance of transmitter (Tx)/receiver (Rx) to the intersection-center, the distance of transmitter to the wall and the carrier frequency. The path-loss model, presented in [24] and [25] , is shown in the bottom of this page (see eq. (2)), where d t (d r ) denotes the distance of Tx (respectively, Rx) to the intersection-center, w r is the width of Rx street, d w is the distance of Tx to the wall, i s is the environment parameter (1 for suburban environment and 0 for urban), d b denotes the critical distance, λ is the wave length and n NLOS is the path loss exponent. We model the small scale fading as Gaussian random variable, denoted by X σ , with zero mean with standard deviation of σ = 4.1dB. Based on eq. (2) as well as the fading parameter X σ , the combination of path loss and fading in the form of PL fading NLOS can be written as,
where α NLOS = 3.75 + i s 2.94, n t = 0.957, β NLOS = 
At the receiver, the received signal strength needs to be higher than a certain threshold to correctly decode the safety message. We refer to this threshold as communication threshold. Similarly, to identify the channel as busy, the received signal strength requires to be higher than another threshold, so called carrier sensing threshold. In this paper, we consider the thresholds for the communication and carrier sensing as −75 dBm and −85 dBm, respectively. From the average received signal strength and the thresholds, we find the communication and carrier sensing regions at the intersection for NLOS scenario. In this paper, we consider an area of 300 × 300m 2 provided that the intersectioncenter is located at the middle of the area. The parameters used in the simulation are listed in Table 3 . In Fig 3a and  Fig 3b, we show the communication and carrier sensing regions, respectively, while varying the distance of transmitter/receiver from the intersection-center. In the simulation, we consider the transmitter/receiver position from 1m to 150m from the intersection-center with an interval of 1m. To generate these figures, we calculate the received power for all possible pairs of transmitter and receiver positions. We repeat the process for 500 times and an average received power is calculated for each pair. The serrated nature of the curve is due to the fact that for a given transmitter position from the intersection-center the received power is always higher than the thresholds for a certain range of receiver positions. From the results, it is obvious that the communication and carrier sensing ranges change with the position of the transmitter. In analysis, it is not feasible to treat each transmitter position separately. For simplicity, we approximate the communication and carrier sensing regions such that the approximated regions closely match with the actual results while providing feasible number of partitions around the intersection.
In LOS environment, the path loss and fading model is a function of distance d between Tx and Rx instead of d t and d r (distances to the intersection-center) in NLOS scenario. From the LOS models, presented in [24] , [25] , it is observed that the average received signal strength is well above of −75 dBm regardless the distance between Tx and Rx for an area of 300 × 300m 2 . From this observation and from the approximated communication and carrier sensing regions for NLOS A 2 ) are the same, since they have the same number of interferer vehicles. In the rest of the paper, we define a set Z as the set of partitions around the intersection, namely,
IV. PACKET RECEPTION PROBABILITY AND DELAY ANALYSIS
In the packet reception probability and delay analysis, we make following assumptions:
• We assume an ideal channel condition, which means that the receivers in the communication range can successfully decode a packet if no packet collision occurs.
1 Fig. 4 does not show true scale.
• The vehicles are assumed to be stationary within the duration of one packet transmission.
• The interference from a signal with strength less than −85 dBm is neglected.
• The impact of the vehicles located outside the region of interest is neglected. In other words, we consider the impacts of the vehicles in an intersection area of 300 × 300 m 2 with the intersection-center located in the center of the area (i.e., the length of roads in each direction is 150 m from the intersection-center). We neglect the impact of vehicles beyond 150 m from the intersectioncenter as this paper focuses on the traffic intersection BSM broadcast effectiveness.
• The impact of packet drop due to the overflow of the queue is not considered.
Let PRP(x, y) is the packet reception probability of any vehicle at area y provided that the transmitting vehicle at area x, where x, y ∈ Z. To find PRP(x, y), we introduce two sets for a transmitting vehicle at x and reception vehicle at y: I xy and H xy , which are defined as follows,
• I xy is the set of areas which vehicles can sense the transmission from transmitting vehicle at x and can cause collision at the receiving vehicles at y. We refer to the vehicles of I xy as interferer vehicles.
• H xy is the set of areas which vehicles cannot sense the transmission from transmitting vehicle at x but can cause collision at the receiving vehicles at y. We refer to the vehicles of H xy as hidden vehicles.
We summarize I xy and H xy in Table 4 , which are obtained from the communication and carrier sensing ranges shown in Fig. 4 . According to the communication principle, a successful transmission from the transmitting vehicle at area x to any vehicle at y is only possible when no vehicle of I xy transmits at the time slot when transmitting vehicle broadcasts and no vehicle of H xy starts transmission at any time during transmitting vehicle broadcasts. Thus PRP(x, y) is defined as
Tr ts , (6) where N k is the number of vehicle at area k ∈ Z, p t k is the overall transmission probability of a vehicle at area k, and T r is the packet transmission time. From the distribution of the vehicles along the streets, number of vehicles in any particular area can be obtained. VOLUME 6, 2018 Now to find packet reception probability, we need to find p t k . This transmission probability depends on the parameters of the IEEE 802.11p standards, packet arrival rate and the number of vehicles, which carrier sensing ranges cover the transmitting vehicle. For any vehicle at area k ∈ Z, the overall transmission probability p t k is given by
where p e k [j] is the transmission probability of a packet of AC [j] . p e k [j] is defined by
is the internal transmission probability of AC [j] .
From the Markov chain model, shown in [15] , we can derive following relationship (details are provided in the Appendix):
otherwise (9) where k [j] is defined in the bottom of this page (see eq. (11)). The notations, used in (9) and (11), are defined as follows provided that vehicle is located at area k ∈ Z:
• p v k [j] is the internal collision probability of AC [j] . The internal collision probability can be written as
is the back-off probability that one vehicle senses the channel as busy and hence freezes its clock, which is calculated by
where S k is the set of areas which carrier sensing ranges cover the vehicles at area k.
• p a [j] is the arrival probability of a packet of AC [j] . Since the packet generation follows a Poisson distribution, the packet arrival probability p a [j] in a time slot is given by
where [j] is the packet arrival rate (packets/sec) for AC[j].
• ρ k [j] is the probability that at least one packet of AC[j] is available for transmission, which is defined by
is the average channel access delay. We define the average channel access delay D k [j] as the average time interval from the time when a packet is available and to the time when the packet is either transmitted or dropped. By solving the Markov chain model for backoff instance, shown in [15] and after a few mathematical manipulations, D k [j] is presented in the bottom of this page (see eqns. (12) and (13)). Note that details are provided in the Appendix. So far we have a non-linear system with 147 equations (eqs. (14) and (7) to (13) ) and 175 unknown variables (
, and D k [j] ). To find all the unknown variables, we apply an iterative procedure presented in Algorithm 1. In the algorithm δ is a predefined Solve eqs. (14) and (7) to (13) 
con ← 1 7:
end if 10: end while threshold. After solving p t k and D k [j] from this algorithm, the numerical results on packet reception rate and average access delay are given in the following section.
V. NUMERICAL RESULTS OF BROADCASTING PERFORMANCE WITHOUT RELAYING
In this section, we present the results obtained from the analysis and validate through NS-3 simulation [26]. 
A. SIMULATION SETUP AND PARAMETERS
The simulation model is based on the intersection architecture as described in Section II. A 300 × 300m 2 road network was considered with street width of 18m where the vehicles are uniformly distributed (generated in random locations) and vehicular mobility follows the Constant Position Model of NS-3. We followed the DSRC PHY and MAC layers standard [27] , while part of source code of NS-3 is modified to match with the EDCA requirement presented in Section II-B and the path loss model presented in Section III. NS-3 simulation results were captured when simulation reaches in a steady state and with 95% confidence interval. Unless stated otherwise the simulation is conducted under the simulator's default setting. Along with Table 3 , the additional parameters used in the simulation results are summarized in Table 5 . Overall, we observe upto 5% mismatch between the simulation and analytical results, which is due to the approximation of carrier and communication ranges considered in the analysis.
B. NUMERICAL RESULTS
In the following numerical results, most of the results are presented for the case when the transmitting vehicle (V Tx ) broadcasts from different areas of branch A. Due to the symmetry of the intersection, presented results are also hold for the case when the transmitting vehicle broadcasts from different areas of branch B. We observe the characteristics of average access delay and packet reception probability, while varying the total number of vehicles around the intersection. Note that the total number of vehicles shown in the results does not include the transmitting vehicle.
We present the packet reception probability (PRP) while varying the total number of vehicles around the intersection. In the following, we only present the reception probability results of AC[0] packets. The reception probability of other ACs can be obtained by multiplying the reception probability of
is usually very small for moderate packet arrival rate and thus 1
In Fig. 5 , we show the impact of transmitting vehicle position on the packet reception probability (PRP) by different areas. Fig. 5a shows PRP when the transmitting vehicle broadcasts from area A 2 or A 3 . It is observed that PRP at A 3 is superior compared to other areas, since no packet collision happens due to the hidden vehicles. From transmission point of view, the vehicles in area A 3 may act as hidden nodes to the vehicles of the other zones. However, from reception point of view, the receivers/vehicles of A 3 do not suffer from the hidden nodes. Although the vehicles in B 1 , B 2 , and B 3 areas are hidden from A 3 , they do not interfere with the reception at area A 3 , since their transmitted signal strength is not strong enough at area A 3 to interfere. For the other areas, PRP performance is affected by the packet collisions from hidden vehicles. Among them, PRP at G is worst since there exist highest number of hidden vehicles. When the transmitting vehicle at area A 2 or A 3 , PRPs at B 1 , B 2 , and B 3 are always zero since the communication range of the transmitting vehicle does not reach those areas. Fig. 5b shows the PRPs at different reception areas, provided that the transmitting vehicle broadcasts from area A 1 . From the results, we observe that PRPs at A 3 and A 2 are much higher than the PRPs at G and B 1 due to the presence of hidden vehicles' packet collisions for reception at G and B 1 . Among PRPs at A 3 and A 2 , PRP at A 3 is slightly higher since less number of interferer vehicles for the receivers at cases, the reception probability is over 0.9, since there exists no hidden vehicles. As expected, PRP at A 3 or B 3 is highest due to lowest number of interferer vehicles and PRP at G is lowest due to highest number of interferer vehicles.
We also present the overall packet delivery ratio ODR(x) when the transmitting vehicle broadcasts from area x. We define the overall packet delivery ratio as the ratio of average number of vehicles received the safety message to the total number of vehicles. Mathematically, The overall packet delivery ratio is calculated by the following manner:
Total number of vehicles (17) The results obtained from (17) are shown in Fig 6. We notice that when the transmitting vehicle at A 1 , A 2 , or A 3 , the delivery ratio is much less than the case when the transmitting vehicle at G. There are couple of reasons for this performance degradation: (i) the communication range of the transmitting vehicle at A 1 , A 2 , or A 3 is limited, (ii) severe packet collision from the hidden vehicles. When any transmission takes place from location G, the transmission will be sensed by all the vehicles. Thus, there will be no hidden vehicle for this scenario. Moreover, the vehicles at area G have the highest communication coverage due to LOS communication link with all other vehicles. Thus, when a vehicle transmits from area G, packet drops only occur when multiple vehicles start to sense the channel for transmission at the same time and then choose the same back off time instant. However, this scenario occurs very rarely due to the well-designed CSMA-CA protocol. For these reasons, we observe a superior overall delivery ratio performance when the transmitting vehicle is located at area G. We also notice that the overall packet delivery ratio does not change significantly with the variation of total number of vehicles. For a transmitting vehicle from a given area, although the PRP at few areas varies significantly with the variation of total number of vehicles, the PRP of the majority areas does not change significantly. Since the definition of overall delivery ratio takes into consideration all the areas, the impact of the former areas is neutralized by the impact of the latter areas. Hence, an insignificant change in the overall delivery ratio is observed with respect to the variation of total number of vehicles. We now present the average channel access delay when the transmitting vehicle (V Tx ) broadcasts from different areas of the intersection. Fig 7 presents the average access delay of different ACs for different areas. We observe that for each area the average delay varies from lowest to highest as the priority of ACs varies from highest to lowest. This is expected due to the internal collision avoidance procedure. Among different areas, the delay for A 3 is lowest, since the transmitting vehicle can only sense the transmission from the vehicles of branch A. Thus the channel is sensed least busy when the transmitting vehicle resides at area A 3 and the backoff counter does not need to be frozen more often. On the other hand, the access delay is highest when the transmitting vehicle at area G, since the transmitting vehicle can sense the transmission from all the vehicles around the intersection and thus, requires to freeze the back-off counter more often.
VI. IMPROVEMENT OF DELIVERY RATIO PERFORMANCE THROUGH RELAYING WITH RSU
As shown in the earlier section, the delivery ratios for the areas that are not close to the intersection are very poor. To improve the delivery ratio performance, we deploy RSU at the center of the intersection to work as a relay, which simply re-broadcasts the received safety messages. Note that retransmission is not specified in the current DSRC standard. However, it is feasible to implement the retransmission scheme in the RSU. This can be done by the following manner. Whenever the RSU correctly receives a safety message, it performs the following operation on the original message: (i) change the content of the retransmission field to indicate that the message is a retransmitted one (ii) insert a field containing the vehicle's ID, to which the message belongs (iii) insert a field to contain the original time stamp of the message i.e., the time when the message is originally generated. Whenever a vehicle receives a packet, it will check whether the packet is retransmitted or not. Since the retransmitted message will carry the MACs of both the original transmitting vehicle and the RSU, the receiving vehicle will be able to detect the transmitting vehicle. However, the retransmitted messages will have larger overhead compared to the original message. If a vehicle receives multiple replicated messages with the same transmitting vehicle ID and time stamp, it will simply discard the replicated ones. We consider following two antenna configurations for the RSU relaying:
• Omni-directional antenna: The RSU is equipped with a single omni-directional antenna. Thus the communication range, carrier sensing range, and number of interferer vehicles for the RSU are same as the other vehicles at the area G. The characteristics of the omni-directional antenna is assumed to be same as the characteristics of the antenna used in the vehicle.
• Sector antennas: The RSU is equipped with two special sector antennas, so called bidirectional sector antenna, where each sector antenna has same front and back radiation pattern with a beam width of π/2 rad. Thus, one sector antenna covers branch A and branch C of intersection depicted in Fig. 1 , while other antenna covers branch B and branch D. The radiation patterns of these sector antennas are shown in Fig. 8 . The antenna gain of each sector antenna is assumed to be same as the omni-directional antenna case and the impact of interference due to the sector antennas co-location is neglected. We consider that all the sector antennas transmit same message simultaneously. Thus, from the transmission point of view, characteristics of sector antenna configuration is identical to the omni-directional antenna configuration.
With the above configurations, the RSU can be considered as an extra vehicle at the area G. Thus, when the transmitting vehicle broadcasts from a certain area, the PRP calculation of different areas, presented in (6), needs slight modification. With a RSU at the center of the intersection, the PRP of different areas can be calculated by multiplying (6) by (1 − p t r ), where p t r is the transmission probability of the RSU. It is obvious that, the packet generation rate at the RSU will be much higher compared to the vehicles at the streets, since the RSU requires to forward all the received safety messages. Thus the packet transmission probability of the RSU will be much higher than the transmission probability of VOLUME 6, 2018 FIGURE 9. Packet reception probability at RSU with omni-directional and sector antennas.
other vehicles at area G. For simplicity, we assume saturated scenario at RSU i.e., packet of each ACs is always available at the RSU to transmit. p t r can be obtained by generating equations similar to the eqs. (14) and (7) to (10) and then by solving all the variables (variables of all area and RSU) according to the algorithm 1. Numerically it is observed that due to the addition of the RSU, the change in the transmission probability of any area is very negligible.
To find the improvement due to the RSU relaying, first we investigate the packet reception probability of the RSU. With omni-directional antenna, the PRP of RSU is same as the PRP of any other vehicle at area G. For sector antennas configuration the calculation of PRP of RSU is different. From the packet reception point of view, each sector antenna can only receive the signal from the vehicles of its designated branch and thus, simultaneous packet reception at RSU from different branches is possible. Thus, with sector antennas at RSU, the packet collision at RSU due to the hidden vehicles can be avoided. Let the transmitting vehicle is situated in any position of branch A. Hence, a successful transmission from the transmitting vehicle to the RSU is only possible when no other vehicles of branch A transmit at the time slot when transmitting vehicle broadcasts. Thus the PRP at RSU with sector antennas is independent of the position of the transmitting vehicle. The PRP of the sector antenna, that belongs to branch A, can be calculated by:
In Fig. 9 , we show the packet reception probability of RSU with omni-directional and sector antennas while varying the position of the transmitting vehicle. As expected, the PRP of the RSU with omni-directional antenna is very poor when the transmitting vehicle is far away from the center of the intersection. With the sector antennas, the PRP of RSU is as high as over 0.9, regardless the position of the transmitting vehicle.
We now consider the transmission performance of the RSU. Recall that the characteristics of omni-directional or sector antennas is assumed to be same as the characteristics of antenna of a vehicle. Let PRP(r, y) is the packet reception probability of any vehicle at area y ∈ Z while the RSU broadcasts. PRP(r, y) is calculated by
which is same as the PRP of different areas provided that the transmitting vehicle at area G. The results for this case is shown in Fig. 5c . From the reception and transmission probabilities of RSU, the reception probability of different areas after relaying the safety message of the transmitting vehicle can be obtained. Let RPRP o (x, y) is the packet reception probability of any vehicle at area y provided that the transmitting vehicle first broadcasts a safety packet from area x and then the RSU with omni-directional antenna rebroadcasts that packet. In the similar fashion, we define and RPRP s (x, y) as the PRP for RSU with sector antenna relaying. We assume that if any vehicle receives a replicated message due to the relaying, it will discard the replicated one. We also assume that the RSU will re-broadcast safety message before it is expired based on the time-stamp field of each message. We calculate RPRP o (x, y) and RPRP s (x, y) by RPRP o (x, y) = PRP(x, y)
From the above PRPs, the overall delivery ratio after relaying can be obtained by replacing PRP(x, k) of (17) by RPRP o (x, k) or RPRP s (x, k). In Fig 10, we show the PRP of different areas after relaying with omnidirectional and sector antennas. For each position of the transmitting vehicle, it is observed that the PRP of any area is always better with sector antenna relaying than the PRP with omni-directional antenna relaying. Fig. 11 shows the overall delivery ratio performance with and without relaying, while the transmitting vehicle broadcasts from different areas. With relaying, a significant improvement is observed provided that the transmitting vehicle at A 1 , A 2 , or A 3 . The performances improvements for 100 vehicles is summarized in Table 6 . From the above results, we conclude that relaying through RSU can improve the delivery ratio performance of the vehicles, that are not close to the intersection. However, relaying with omnidirectional antenna brings moderate improvement over the performance of the without relaying case, due to the poor reception probability of omni-directional antenna. By using sector antennas at the RSU, one can improve the reception probability of the RSU significantly. As a result, relaying with sector antenna can improve the delivery ratio performance to a great extent.
VII. CONCLUSION
In this paper, we have investigated the performance of IEEE 802.11p safety message broadcasting at the road-intersection. Based on practical path loss model, we have partitioned the intersection in few areas to allow different communication and carrier sensing ranges for different areas. The packet reception rates of different areas are analyzed provided that the transmitting vehicle broadcasts from a certain area, and from that the overall delivery ratio is also derived. The analytical results are verified by the NS-3 simulation results, where a close match between analytical and simulation results is observed. Due to the limited communication range and collision from the hidden vehicles, it is observed that the delivery ratio is very poor when a vehicle transmits from an area that is not close to the intersection. To improve the delivery ratio performance, we have utilized an RSU to relay the safety message. The relaying performance is analyzed by employing firstly omni-directional antenna and then special sector antennas, namely bidirectional sector antennas. From the performance comparison, it is observed that omni-directional antenna provides moderate performance improvement, while a significant performance gain can be achieved by using sector antennas.
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